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Abstract 
The concept of distributed sensing and actuation has led to the development of new structures called smart/intelligent 
structures. The existing monolithic piezoelectric materials being used in smart structures pose several draw backs. 
The piezoelectric fibers are currently being available and they may be used to manufacture synthetic piezo-fiber 
reinforced composites to overcome the above short falls. In the present study, a multidirectional 3D FE model 
employing super element concept is developed to model structural composite as well as piezo-fiber composite. The 
FE model is validated for composite structure with piezo-patch. The numerical results show a good agreement with 
those of the standard FE results. The active control capability and dynamic characteristics of laminated plate with 
AFC layers is also studied through numerical examples.  
© 2011 Published by Elsevier Ltd.  
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Nomenclature 
a(subscript) Actuator Gd Displacement feedback gain 
{de} elemental displacement vector Gv Velocity feedback gain 
[e] Piezoelectric matrix [Kaa], [Kss] Piezo-electric stiffness 
s(subscript) Sensor [Kda], [Kds] Electro-mechanical coupling stiffness 
u, v, w           Nodal displacement components [Kdd] Mechanical stiffness matrix 
[B] Strain-displacement matrix ^ `H Mechanical strain 
[C] Constitutive relation matrix [N] Dielectric matrix 
{D} Electrical displacement vector I Electric potential 
{E} Electric field {V} Mechanical stress 
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1. Introduction 
The concept of distributed sensing and actuation has led to the development of new structures called 
smart/intelligent structures. The conventional structures can be integrated with distributed 
sensors/actuators to achieve self-controlling, self-monitoring capabilities. Hence a structural element 
integrated with distributed sensors and actuators may be used in the design of lightweight structure. 
Piezoelectric materials produce mechanical strain when subjected to an electric field or alternately, 
generate an electric charge when subjected to a mechanical strain. This property gives piezoelectric 
materials the ability to act as actuators or sensors. The use of piezoelectric actuators and sensors to 
control undesirable response in structures has received a lot of attention in the recent years (Tzou and 
Tseng 1990; Hwang and Park 1993; Ha et al. 1992; Varadan et al. 1996; Lim et al. 1999).  
The exiting monolithic piezoelectric materials being used in smart structures poses several draw backs 
i.e., (i) low control authority due to their low stress/strain constants, (ii) brittle natures of piezoelectric 
crystals and (iii) relatively higher density compared to conventional aerospace structural materials, etc. 
The piezoelectric fibers are currently available and they may be used to manufacture synthetic piezo-fiber 
reinforced composites to overcome the above short falls.  
Conventionally electroded Piezoelectric Fiber Composites (PFCs) were introduced (Bent et al. 1995) 
as a means for actuation that overcomes weaknesses in monolithic piezoceramics by providing increased 
strength, conformability, and reliability. Piezoelectric fiber composites demonstrate substantial 
advantages over monolithic ceramics, and represent the future in active materials. However, one major 
drawback remained in piezoelectric fiber composites – low actuation performance. The high dielectric 
mismatch between fiber and matrix seriously reduced the electric field available to the fiber material for 
actuation. The interdigital electrode (IDE) concept was introduced as a performance enhancement 
technology for monolithic ceramic actuators (Hagood et al. 1993). The concept of the interdigitated 
electrode piezoelectric fiber composite (IDEPFC) was a fusion of the concepts of interdigitated electrode 
monolithic ceramics (IDEs) and piezoelectric fiber composites (PFCs) (Bent et al. 1997). 
The composite materials may be exposed to moisture and/or temperature during their service life. 
When exposed to extreme moist environment, they absorb moisture. Heat is conducted into the composite 
materials when they are exposed to hot environment. In general, when a material absorbs moisture or 
there is a rise in temperature, it swells (expands). Moisture and thermal expansion coefficients provide a 
measure of swelling or expansion that a material may undergo. If a heated/moist body is not permitted to 
expand freely in all the directions, some stresses will be developed inside the body, which influence the 
design of structural components. In a laminate, the laminae cannot swell or expand freely and as a result, 
stresses known as residual stresses are introduced. The strength and stiffness of the laminate are reduced 
in hygrothermal environment. Laminates may also undergo interlaminar failure due to bending or 
buckling in such environment.  
In the present study, a twenty nodded solid multilayered smart super element is developed. The 
element is capable of modeling conventional composite layer as well as IDEPFC actuator and 
conventional piezoelectric actuator/sensor layers. These active fibers can be laid in one plane or 
multidirectional plane to achieve higher sensing and actuating capabilities. The element capability is 
established comparing the numerical results with the available literature results. The numerical results are 
generated for various system parameters to assess the performance of IDEPFC.  
2. Multidirectional composite
A multidirectional composite model is represented by a unit cell containing ‘n’ number of 
unidirectional blocks. Each unidirectional block consists of a set of fibers (structural or active) embedded 
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in a matrix. Each unidirectional block again can be randomly oriented within a unit cell. A typical 
unidirectional block located within a cell (1D cell) is shown in Figure 1. An empty unit cell contains a 
number of randomly oriented unidirectional composite blocks, which is synonymous to a real life unit 
material cell where fibers are running along different directions and are densely interwoven to impart 
homogeneity.  The spatial orientation of the block axes 1, 2, 3 (local) and cell axes x, y, z (global) are 
shown in Figure 2 with their Euler’s angles. The direction cosines [19] of the block are defined with 
respect to the Euler’s angles of rotation \I, and E . The on-axis elastic properties of a unidirectional 
composite block can be computed from those of its constituent fiber and matrix properties using 
micromechanical theories (Jones et al. 1984; Mukherjee and Sinha 1994). The off-axis elastic and 
piezoelectric properties can be computed applying the appropriate transformation to constituent material 
properties. 
3. Finite element formulation 
N-layered rectangular plate with/without surface bonded/embedded piezoelectric sensor and actuator 
layers are shown in Figure 3. A three dimensional (20 noded isoparametric) multi-layered composite 
finite element is developed with the displacement fields along three mutually perpendicular directions, 
u(x,y,z), v(x,y,z) and w(x,y,z) at each node of the element. The element has the capability to model 
structure as passive material or passive with active piezoelectric composite layers. The strain-
displacement field for the element is as follows 
^ ` > @^ `es dB H (1) 
The stress-strain relation for usual composite and piezo-composite can be expressed respectively as 
follows 
^ ` > @^ `H V C (2) 
^ ` > @ ^ ` > @^ `
^ ` > @^ ` > @^ `EeC
EeD T
H V
NH 
 (3) 
where,{V}is stress vector, [C] is compliance matrix, {H} is strain vector, {D}is electric displacement, [e] 
is piezoelectric stress coefficient matrix, [N] is dielectric constants and {E} is electric field vector.  
The electric field-potential relation can be expressed as follows 
z
E,
y
E,
x
E zyx w
Iw 
w
Iw 
w
Iw  (4) 
It is assumed that the surfaces of the piezoelectric layers, which are in contact with the substrate, are 
suitably grounded. Since, the thickness of the piezoelectric layers is very small, it is assumed that the 
electric potential at the interface between the actuator/sensor and the laminated substructure has a linear 
variation across the thickness of the actuator/sensor layer. It is also to be noted here that the electric field 
for piezo-composite with IDEPFC is uniform along the fibre direction and it depends on electrode spacing. 
The total potential energy of a typical element can be expressed with external pressure load and voltage 
applied to the actuator layer as  
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The kinetic energy TKE of the laminate is given by 
^ ` ^ d`VddT e
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1 U  (6) 
The substituting stress-strain and strain-displacement relations and applying Hamilton’s variational 
principle and minimizing with respect to nodal variables lead to three sets of equilibrium equations for an 
element, as given below:  
^ ` ^ ` ^ ` ^ ` ^ `
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 (7) 
The global equilibrium equations are obtained after assembling Eqs. (7) with respect to the global axis. 
4. Super element formulation 
A laminate, in practice, may consist of a large number of layers. To analyze such laminates using three-
dimensional finite elements requires a huge amount of computational time. Usually smart active layers 
are very thin and modeling smart layers with three-dimensional element may lead to numerical problem. 
In advanced laminated composite structures, the out-of-plane loading is the primary cause of 
delamination. Therefore, a three-dimensional analysis is necessary, as the transverse normal and shear 
stress components are vital for the design. A multi-layered super element may be used to model smart 
laminated composite structures. The detailed mathematical formulation of multilayered composite is 
available in references (Jones et al. 1984; Mukherjee and Sinha 1994). In the present research the same 
three-dimensional super element concept is adopted to model smart multidirectional composite structures 
with smart sensor/actuator layers in it. 
A three-dimensional super element [Figure 4] contains a finite number of layers within each element 
domain and also the formulation accounts for different lamina properties and variations in lamina 
thickness. The formulation of the super-element is based on the three dimensional theory of elasticity. 
Considering the super element to be comprised of ‘N’ layers and integrating the volume of each layer and 
summing up over the ‘N’ layers result in stiffness matrix. The stiffness is expressed as  
¦³³³
 
  
N
i
ii
T
V
T BdVQBBdVQBK
1
 (8) 
where iQ is the elasticity matrix of the i
th sub-layer in the super element whose volume is Vi.
In the similar line, the piezo-electrical coupling and dielectric matrices are calculated for each 
sensor/actuator layer and summed over the thickness to get overall element matrices. 
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5. Element load vector due to hygrothermal load 
The potential energy due to hygrothermal forces is give by 
^ ` ^ d`VV NT
V
he VH ³  (9) 
Substituting Equation (1), in Equation (9), one obtains, 
^ ` > @ ^ `³ V 
V
NT
s
T
ehe dVBdV  (10) 
where ^ `NV  is the non-mechanical force vector. The element strains { }ke are due to temperature and 
moisture along the laminate axes 
^ ` ^ ` ^ k`kk CTe E'D'  (11) 
where D and E are off-axis thermal and moisture expansion coefficients. 
The hygrothermal force vector for the kth lamina is defined as 
^ ` > @^ ` dVeQ k
V
k
N ³ V  (12) 
6. Control mechanism 
A simple velocity and displacement feedback control has been employed. The feedback signal to the 
actuator can be represented as  
^ ` ^ ` ^ `svsda VGVGV   (13) 
where, Gd and Gv are the displacement and velocity feedback control gain respectively. The effect of the 
piezoelectric sensing voltage on actuation is negligible compared to direct feedback voltage. By 
multiplying the feedback voltage by a capacitance, one can derive the feedback charge injected into the 
actuator as  
^ ` ^ ` ^ ]`[2 svsdp VGVGCF   (14) 
The Capacitance Cp is defined as 11 /p etC A hN ; where A is the actuator area. Substituting the feedback 
charge into Eq. (12) the following may be obtained 
> @^ ` > @^ ` > @^ ` ^ ` > @^ `dKFdKdCdM cntlcntl   1*  (15) 
where, 1 1[ ] [ ][ ] [ ] [ ]ctrl p v da aa ss sdC C G K K K K
   is the active damping matrix and 
1 1[ ] [ ][ ] [ ] [ ]ctrl p d da aa ss sdK C G K K K K
   is active stiffness matrix.  
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7. Results and discussion 
7.1. Comparison of Results for Smart Composite Laminate 
A test problem of a simply supported square plate (a=0.45 u b=0.45 m) (Maiti et al.) made of 
graphite/epoxy composite with distributed actuator and sensor on top and bottom face of the substrate 
respectively, is analyzed for validation purpose with sinusoidal external load. The nondimensional 
displacements and stresses are listed in Table 1. The comparison is good for thin plates, but for 
moderately thick plates a difference is observed that may be due to differences in the laminate theories. 
The sensor output voltage is also calculated and shown in Figure 5. The voltage distribution also shows a 
good agreement with that of the reference. 
Table 1: Comparison of maximum values of non-dimensional displacement and stresses 
S Volt Source 
Cu (0,b/2, 
rH/2) Cw(a/2,b/2,0) CVxx(a/2,b/2,rH/2) 
CWxy(0,0, 
rH/2) 
50 
0
Present FEM # 0.0067 0.4318 r 0.5384 r0.0217 
Maiti et al. # 0.0067 0.4409 r0.5462 # 0.0218 
100 
Present FEM 
-0.0050 
+0.0057 
0.3453 
+0.4009 
-0.4577 
-0.0157 
+0.0189 
Maiti et al. 
-0.0050 
+0.0057 
0.3528 
+0.4076 
-0.4635 
-0.0158 
+0.0189 
10 
0
Present FEM 
-0.0064 
+0.0065 
0.6289 r 0.5290 -0.0250 +0.0252 
Maiti et al. # 0.0064 0.6691 r0.5216 # 0.0255 
100 
Present FEM 
+0.0364 
-0.0161 
-1.8996 
-2.9385 
+1.3079 
+0.1648 
-0.0473 
Maiti et al. 
+0.0343 
-0.0172 
-1.9145 
-2.7916 
+1.3933 
+0.1483 
-0.0686 
7.2. Static Analysis of Simply supported plate in Hygro-thermal Load 
The numerical results are generated for simply supported smart laminated composite plates based on the 
present numerical modeling technique. The AFC properties are considered as reported in (Kar-Gupta and 
Venkatesh 2007). The substrate structure is made of graphite-epoxy composite with 0.2 mm ply thickness 
and with planform dimension 0.10 x 0.10m. One AFC layer of thickness 0.2 mm is considered to be at the 
top of the substrate structures made of various lamination sequences. It is considered that the laminate is 
exposed to 400qK temperature. Due to the elevated temperature, the composite laminated plates will bend. 
We activated the AFC layer with applied Voltages (i,e., 100 and 200). The deflection of the simply 
supported plate is plotted along x-direction at y=b/2 and presented in Figure 6 for 0/90/90/0/AFC & 
0/90/0/90/AFC. It is observed from the figure that active fiber reinforced smart composite layer is 
effective to control undesirable response. 
7.3. Dynamic Analysis of Simply supported plate in Thermal Load 
The numerical results are also generated for a square (0.6¯0.6¯0.006m) simply supported plate with 
cross-ply (90/0/90/0) laminate. In this example, vibration control due to the initial displacement of the 
simply supported plate is studied. The analysis is carried out with elevated thermal environment. It is 
assumed here that the changes in piezoelectric properties are negligible for the elevated thermal 
environments in the present study. Figure 7 illustrates the time response of center deflection of the 
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laminated plate. From Figure 7 it is observed that in thermal environment ('T=10) the response (w) 
increases (i.e., the laminate becomes weak in thermal environment) and more time is required to stabilize 
the plate for velocity feedback gain (Gv=1). The response is again calculated for 'T=15. It is observed 
that the response is increased gradually with temperature increment. It is to be mentioned that by 
increasing the velocity feedback gain, (Gv=10) the undesirable response in thermal environment can be 
controlled easily.  
8. Conclusion 
In the present study, a multidirectional 3D FE model employing super element concept is developed to 
model structural composite as well as piezo-fiber composite. The piezo-composite layer can be treated as 
actuator and/or sensor. The FE model is validated for composite structure and composite structure with 
piezo-patch. The numerical results show a good agreement with those of the standard FE results. The 
active control capability and dynamic characteristics of laminated plate with AFC layers is studied 
through numerical examples. It can be concluded that in hygrothermal environment the response is 
increased due to reduction of laminate stiffness, which can be controlled by increasing the velocity 
feedback gain.  
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Appendix 
Figure 1: 1D Cell               Figure 2: Euler’s Angle 
  n-th layer (Actuator/Sensor layer)                                              Substrate layer 
   
                                   
Figure 3: Layer arrangement 
Figure 4: Internal coordinate system in a super element 
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Figure 5: Distribution of induced electric potential on the surface of the sensor, along the length (y=b/2) of the plate  
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Figure 6: Deflections along x-axis at (y=b/2, z=h/2) for increase of uniform temperature of symmetric (0/90/90/0/AFC) and 
antisymmetric (0/90/0/90/AFC)  laminated plate (S.S) respectively 
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Figure 7: Time response of laminated plate due to initial displacement in thermal environment 
